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INTRODUCTION 

Phenols (e.g. phenol ,c reso ls ,  x y l e n o l s )  comprise a s i g n i f i c a n t  f r a c t i o n  
o f  most coal  l i q u i d s .  
products from such d i r e c t  c o a l  l i q u e f a c t i o n  processes as H-Coal , Solvent-  
Ref ined Coal (SRC) and t h e  Exxon Donor So lvent  (EDS) process. The t o x i c ,  
c o r r o s i v e  and chemica l l y  r e a c t i v e  na tu re  o f  phenols i s  a p o t e n t i a l  source of 
problems i n  t h e  d i r e c t  u t i l i z a t i o n  o f  coa l  l i q u i d s  as s y n t h e t i c  f u e l s .  

i nvo l ves  t rea tment  w i t h  aqueous c a u s t i c  t o  produce wa te r -so lub le  sodium 
phenates. A f t e r  separa t i on  o f  t h e  r a f f i n a t e ,  t rea tmen t  o f  t h e  sodium phenate 
s o l u t i o n  w i t h  an ac id ,  such as carbon d i o x i d e ,  can be used t o  r e c o n s t i t u t e  t h e  
pheno ls . ( l )  
non-phenol ic o rgan ic  m a t e r i a l s  i n t o  t h e  aqueous phase a long w i t h  t h e  phenols. 
These co-ex t rac ted  o rgan ics  can subsequent ly appear as i m p u r i t i e s  i n  t h e  
recovered phenols,  t he reby  render ing  t h e  pheno l i c  stream s u f f i c i e n t l y  impure 
t o  p rec lude i t s  use as a chemical  feeds tock  f o r  t h e  p roduc t i on  o f  polymers 
o r  polymer i n te rmed ia tes .  T h i s  paper desc r ibes  new organocalc ium chemistry 
which a1 lows separa t i on  and recove ry  o f  phenols from hydrocarbon streams, and 
which avo ids  t h e  d i f f i c u l t i e s  descussed above. 

A l ky lpheno ls  a lone comprise up t o  20 w t %  o f  t h e  l i q u i d  

One o f  t h e  more common schemes f o r  separa t i ng  phenols f rom coal  l i q u i d s  

One major  d i f f i c u l t y  w i t h  t h i s  method i s  t h e  c o - e x t r a c t i o n  o f  

EXPERIMENTAL SECTION 

A l l  man ipu la t i ons  were c a r r i e d  ou t  under a n i t r o g e n  atmosphere t o  
T rans fe rs  o f  s o l i d s  were performed i n  a exclude carbon d i o x i d e  and oxygen. 

glove box. 
h a l f - s a l t  p repara t i ons ,  us ing  a m ine ra l  o i l  bubb ler  as a p ressure  r e l i e f .  
A Perkin-Elmer Model TGS-2 Thermograv imet r ic  System, o r  a comparable u n i t  
assembled from components, was used f o r  TGA s tud ies .  Under argon, t h e  TGA 
oven was programmed from ambien t  t o  850°C a t  10"C/min, then hea t ing  was 
cont inued a t  850°C under a i r  f o r  res idue  combustion. Elemental  analyses 
were performed by personnel  o f  t h e  ER&E A n a l y t i c a l  and In fo rma t ion  D iv i s ion .  

Ma te r ia l s .  

A smal l  p o s i t i v e  p ressure  o f  n i t r o g e n  was main ta ined d u r i n g  

Commercial ly ob ta ined  s o l v e n t s  and reagents were o f  a n a l y t i c a l  reagent 
q u a l i t y  and were used as-recieved. Sodium phenate and potassium phenate 
were prepared from phenol and t h e  cor respond ing  hydrox ide ,  as descr ibed by 
Kornblum and Lu r ie . (7 )  
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Prepara t i on  of Calcium H a l f - S a l t  o f  Phenol i n  Aqueous S lu r r y .  

A t w o - l i t e r  f l a s k  was charged w i t h  37.0 g o f  ca l c ium hydrox ide  (0.50 mole), 
47.0 g of phenol (0.50 mole) and 1 l i t e r  o f  carbon d i o x i d e - f r e e  water. 
f l a s k  was f i t t e d  w i t h  a magnet ic s t i r r i n g  bar,  and a condenser which was 
connected t o  a low-pressure n i t r o g e n  source. 
heated a t  85-90°C f o r  16 h r ,  then f i l t e r e d  w h i l e  s t i l l  hot .  The produc t  was 
i s o l a t e d  by evapora t ing  t h e  f i l t r a t e  t o  dryness under reduced pressure,  then 
d r y i n g  t h e  s o l i d  t o  cons tan t  we igh t  under vacuum. 
s a l t  was e s s e n t i a l l y  q u a n t i t a t i v e ,  74.4 g ( t h e o r e t i c a l  y i e l d :  75.1 9). 

The 

The s t i r r e d  r e a c t i o n  s l u r r y  was 

The y i e l d  of  ca l c ium ha l f -  

The elemental  compos i t ion  o f  t h e  produc t  i s  g i ven  i n  Tab le  I. 

Prepara t i on  o f  Calcium H a l f - S a l t  o f  Phenol i n  Benzene. 

The r e a c t i o n  o f  ca l c ium hydrox ide  w i t h  excess phenol i n  benzene i s  
descr ibed t o  i l l u s t r a t e  t h e  general  procedure used t o  p repare  h a l f - s a l t s  i n  
o rgan ic  media. 

A 500-1111 Erlenmeyer f l a s k  was charged w i t h  9.919 o f  ca l c ium hydrox ide  
(134 mmol) , 25.2 g o f  phenol (268 m m o l ,  2 - f o l d  mo lar  excess) and 450 m l  o f  
benzene, then  a t tached  t o  a low-pressure n i t r o g e n  source. 
s l u r r y  was s t i r r e d  f o r  72 h r  a t  ambient tempera ture  then  f i l t e r e d ,  washing 
t h e  f i l t e r  cake tho rough ly  w i t h  benzene t o  remove unreac ted  phenol. The 
r e s u l t i n g  s o l i d  was d r i e d  t o  cons tan t  we igh t  a t  50°C under vacuum t o  g i v e  
18.8 g o f  t h e  ca l c ium h a l f - s a l t  (93% o f  t h e  t h e o r e t i c a l  y i e l d ,  20.1 g) as a 
f l u f f y ,  w h i t e  powder (Found: 47.39% C y  3.97% H, 25.94% Cay 22.13% 0 by NAA; 
Ca lcu la ted :  47.98% C, 4.03% H ,  26.69% Ca, 21.31% 0). 

The TGA o f  t h i s  p roduc t  i s  shown i n  F igu re  1. An X-ray a n a l y s i s  
(powder p a t t e r n )  i n d i c a t e d  t h a t  no s i g n i f i c a n t  amount o f  ca l c ium hydrox ide  
remained. No weight was l o s t  when a 5-9 sample o f  t h e  s o l i d  was e x t r a c t e d  
f o r  72 h r  w i t h  e t h e r  i n  a Soxh le t  apparatus,  and no phenol was found by GC 
a n a l y s i s  o f  t h e  e t h e r  e x t r a c t s .  

' 

The r e a c t i o n  

P y r o l y s i s  o f  Calcium H a l f - S a l t  o f  Phenol. 0 

\ 

The p y r o l y s i s  o f  t h e  ca l c ium h a l f - s a l t  o f  phenol a t  650°C f o r  60 min. i s  
\ descr ibed t o  i l l u s t r a t e  t h e  general  procedure used f o r  py ro l yses  i n  t h e  

m i n i p y r o l y z e r  ( F i g u r e  2). 

I n  a n i rogen- f l ushed  g love  box, t h e  q u a r t z  r e t o r t  was charged w i t h  
1.55 g o f  t h e  phenol h a l f - s a l t  (10.3 mmol) and a gas bag was a t tached t o  the  
condenser vent. Dry  I c e  was added t o  coo l  t h e  condenser, and t h e  r e t o r t  was 
plunged i n t o  t h e  preheated b l o c k  which was main ta ined a t  650°C. A f t e r  1 hr,  
t h e  r e t o r t  was removed from t h e  b lock  and t h e  condenser was a l lowed t o  warm 
t o  room temperature.  
gas was removed and discarded. The r e t o r t  con ta ined 0.61 g o f  res idue 
(39% o f  t h e  charge, t h e o r e t i c a l  amount o f  CaO: 0.59 9).  
0.93 g o f  l i q u i d s  (60% o f  t h e  charge, t h e o r e t i c a l  amount o f  phenol :  0.97 g) 
was recovered us ing  a small amount o f  methylene c h l o r i d e  so lvent .  Ana lys i s  
b y  GC i n d i c a t e d  t h a t  phenol (97%) and a t r a c e  o f  d ipheny l  e t h e r  comprised 
t h e  l i q u i d  products.  Thus, a 94% phenol recovery  and a n e a r l y  q u a n t i t a t i v e  
mass balance were ob ta ined i n  t h i s  experiment. 

\ 

+ 

The gas bag, which conta ined o n l y  a smal l  amount o f  

From t h e  condenser, 
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Prepara t i on  o f  Calc ium Diphenate  i n  Toluene. 

To a o n e - l i t e r ,  round-bo t tomed  f l a s k  was charged 7.41 g o f  ca lc ium 
hydrox ide  (100 mmol), 23.5 g o f  phenol (250 mmol) and 700 m l  o f  to luene.  The 
f l a s k  was f i t t e d  w i t h  a magnet ic  s t i r r i n g  ba r  and a Dean-Stark t r a p  t o  which 
was f i t t e d  a r e f l u x  condenser connected t o  a low-pressure  n i t r o g e n  source. 
The s t i r r e d  r e a c t i o n  m i x t u r e  was heated under r e f l u x  f o r  72 h r ,  t hen  f i l t e r e d .  
So lvent  was evaporated under reduced pressure ,  and t h e  r e s u l t i n g  brown s o l i d  
was d r i e d  t o  cons tan t  we igh t  under vacuum a t  50°C. 
d iphenate  was 15.14 g (70% o f  t h e  t h e o r e t i c a l  y i e l d  o f  22.63 g; Found: 61.86% 
C, 4.48% H; Ca lcu la ted :  

The y i e l d  o f  ca lc ium 

63.70% C, 4.45% H, 17.71% Ca, 14.14% 0). 

RESULTS AND DI SCUS~ION 

When a n a l y t i c a l  reagent  grade phenol was t r e a t e d  w i t h  an equ imolar  amount 

Ins tead,  t he  data 
o f  ca lc ium hydrox ide  i n  a water  s l u r r y  a t  85-90°C, a s a l t  was formed which 
was not ca lc ium diphenate,  PhO-Ca-OPh, as shown i n  Table I. 
are  c o n s i s t e n t  w i t h  fo rma t ion  o f  t h e  ca l c ium h a l f - s a l t ,  PhO-Ca-OH (Eq. 1). 
T h i s  compound had p r e v i o u s l y  been prepared by  t r e a t i n g  ca l c ium d iphenate  
w i th  a m i x t u r e  o f  carbon monoxide and hydrogen a t  105 - 110°C.(2) 

25 - 100°C 
Ph-OH + Ca(OH)2 + Ph-0-Ca-OH + H20 

Calcium h a l f - s a l t s  can a l s o  be prepared i n  o rgan ic  media. The products 
ob ta ined by r e a c t i n g  a t w o - f o l d  excess o f  phenol w i t h  ca l c ium hydrox ide  i n  
benzene, to1  uene, xylene, pentane o r  cyclohexane s l u r r i e s  a t  25°C were 
i d e n t i c a l  t o  those o f  t h e  h a l f - s a l t  ob ta ined  i n  water. Thus, f o rma t ion  o f  
ca l c ium h a l f - s a l t s  i s  a genera l  r e a c t i o n ,  and i s  n o t  s p e c i f i c  t o  t h e  aqueous 
m e d i  um. 

Under t h e  m i l d  c o n d i t i o n s  d iscused above, t h e  ca l c ium phenol h a l f - s a l t  
i s  not s u f f i c i e n t l y  b a s i c  t o  r e a c t  w i t h  a d d i t i o n a l  phenol t o  form ca lc ium 
diphenate.  I n  a t o l u e n e  s l u r r y ,  ca l c ium d iphenate  could,  however, be 
ob ta ined under f o r c i n g  c o n d i t i o n s :  72 h r  under r e f l u x  w i t h  cont inuous  
separa t i on  o f  water  (Dean-Stark t r a p ) . ( 3 )  The produc t  was i s o l a t e d  by 
evapora t ing  t o  dryness under reduced pressure.  
produced was r e a d i l y  s o l u b l e  i n  a v a r i e t y  o f  o rgan ic  so l ven ts  i n c l u d i n g  
benzene, to luene ,  xy lene  and e ther .  I n  c o n t r a s t ,  t h e  ca l c ium h a l f - s a l t  of 
phenol was i n s o l u b l e  i n  these  so l ven ts ,  and i n  d i p o l a r  a p r o t i c  so l ven ts ,  
such as t e t r a h y d r o f u r a n ,  N ,N-dimethyl formamide and N-methyl p y r r o l  idone. 
Fu r the r  suppor t  f o r  t h e  proposed ha1 f - s a l t  s t r u c t u r e  was ob ta ined  from 
X-ray d i f f r a c t i o n  (powder p a t t e r n )  exper iments,  which i n d i c a t e d  t h e  absence 
of  ca lc ium hydrox ide  i n  t h e  produc t .  
e t h e r  i n  a Soxh le t  apparatus f a i l e d  t o  remove phenol, t he reby  r u l i n g  ou t  
t h e  p o s s i b i l i t y  o f  p h y s i c a l l y  adsorbed phenol and c o n f i r m i n g  t h e  h a l f - s a l t  
s t r u c t u r e .  

Calc ium d iphenate  so 

E x t r a c t i o n  o f  t h e  p roduc t  s a l t  w i t h  
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The thermal chemis t ry  o f  t h e  ca l c ium h a l f - s a l t  of  phenol i s  most 
i n t e r e s t i n g .  When t h e  m a t e r i a l  was heated a t  a programmmed r a t e  o f  10"C/min 
i n  a thermograv imet r ic  ana lyze r  (TGA) under argon, it was s t a b l e  t o  about 
450°C (F igu re  1).(1) Upon cont inued heat ing ,  d e v o l a t i l i z a t i o n  o f  t h e  sample 
occur red  (450-650°C) w i t h  a we igh t  l o s s  cor respond ing  t o  t h e  l o s s  of  phenol. 
An X-ray d i f f r a c t i o n  a n a l y s i s  of t h e  650°C res idue  revea led  t h a t  ca l c ium 
ox ide  and some ca lc ium hydrox ide  were present.  F u r t h e r  hea t ing  t o  850°C 
i n  t h e  presence o f  a i r  l e d  t o  a very  smal l  a d d i t i o n a l  weight l o s s  and t o  a 
res idue  which X-ray a n a l y s i s  showed t o  be e s s e n t i a l l y  pure ca l c ium oxide. 
Both a t  550°C and 650°C i n  a smal l ,  ba tch  p y r o l y s i s  apparatus ( m i n i p y r o l y z e r ,  
F i g u r e  2) t h e  ca lc ium h a l f - s a l t  o f  phenol y i e l d s  phenol as t h e  major  v o l a t i l e  
o rgan ic  product (Equat ion  2). Table I 1  summarizes t h e  p y r o l y s i s  data. 

P y r o l y s i s  a t  550-650°C 
P h-0-Ca-OH + Ph-OH + CaO (2) 

I n  a s i m i l a r  manner, t h e  ca l c ium h a l f - s a l t  o f  p -c reso l  was prepared. 
Thermal s t a b i l i t y  o f  t h e  p-c reso l  h a l f - s a l t  i s  comparable t o  t h a t  o f  t h e  
phenol h a l f - s a l t ,  bu t  t h e  presence o f  t h e  s i d e  cha in  a l t e r s  t h e  d i s t r i b u t i o n  
o f  p roduc ts  on p y r o l y s i s ,  as shown i n  Tab le  111. A t  t h e  lower  p y r o l y s i s  
temperature o f  55OoC, c r e s o l s  a r e  t h e  o n l y  s i g n i f i c a n t  p roduc ts ,  though 
convers ion  i s  slow. A t  650°C however, thermal c rack ing  r e a c t i o n s  become 
impor tan t .  I n  t h i s  case, bo th  hydrogen and methane were found i n  t h e  gas 
produc t .  
t h e  l i q u i d s ,  a long w i t h  t h e  c reso ls .  

and potassium phenate, wh ich  under comparable c o n d i t i o n s  y i e l d  a char  and 
gas, bu t  e s s e n t i a l l y  no v o l a t i l e  l i q u i d  o rgan ic  products.(2,4) 

The unexpected r e s u l t s  w i t h  t h e  organocalc ium system suggested a new 
phenol separa t ion  and recovery  approach based on t h e  r e a c t i o n s  shown i n  
Equat ions 1 and 2. We have demonstrated phenol recovery  v i a  t h i s  h a l f - s a l t  
technique, us ing  bo th  model compounds and raw naphtha from t h e  EDS coal  
1 i q u e f a c t i  on process. (5.6) 

Phenol , presumably produced by  thermal deal  k y l  a t i o n ,  was found i n  

These r e s u l t s  a re  i n  sharp c o n t r a s t  t o  t h e  py ro l yses  o f  sodium phenate 

i 

' 

CONCLUSIONS 

The r e a c t i o n  of  ca l c ium hydrox ide  w i t h  phenols i n  aqueous o r  o rgan ic  
media p rov ides  a s imp le  method fo r  p repar ing  t h e  cor respond ing  ca l c ium phenol 
h a l f - s a l t s .  I n  sharp c o n t r a s t  t o  py ro l yses  o f  a l k a l i  metal  phenates which 
y i e l d  gas and char,  py ro l yses  of ca l c ium phenol h a l f - s a l t s  y i e l d  ca l c ium ox ide  
and phenols. The unexpected r e s u l t s  w i t h  t h e  organocalc ium system suggested 
a new phenol separa t ion / recovery  approach. 
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Ca (OP h )  PhO-Ca-OH Calcium S a l t  

Element Ca lcu la ted ,  W t %  Ca lcu la ted  , W t %  Found, W t %  

Carbon 63.7 48.0 46.0 (+0.4) - 

---_----------_ ---- ------- -- - - - - -_____ --------------- 

Hydrogen 4.4 4.0 3.89 (20.04) 

Calcium 17.7 26.7 26.8 (+0.4) 
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Wg~rw-~. The weight lost during TGA of the calcium half-salt of phenol - - - - -- - - 
corresponds to loss of phenol. 
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